Pterin-4a-carbinolamine dehydratases (PCDs) recycle oxidized pterin cofactors generated by aromatic amino acid hydroxylases (AAHs). PCDs are known biochemically only from animals and one bacterium, but PCD-like proteins (COG2154 in the COGs database) are encoded by many plant and microbial genomes. Since these genomes often encode no AAH homologs, the annotation of their COG2154 proteins as PCDs is questionable. Moreover, some COG2154 proteins lack canonical residues that are catalytically important in mammalian PCDs. Diverse COG2154 proteins of plant, fungal, protistan, and prokaryotic origin were therefore tested for PCD activity by functional complementation in Escherichia coli, and the plant proteins were localized using green fluorescent protein fusions. Higher and lower plants proved to have two COG2154 proteins, a mitochondrial one with PCD activity and a non-canonical, plastidial one without. Phylogenetic analysis indicated that the latter is unique to plants and arose from the former early in the plant lineage. All ten microbial COG2154 proteins tested had PCD activity; six of these came from genomes with no AAH, and six were non-canonical. The results suggested the motif [
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This classical picture of PCD distribution and function, based on very few organisms, has been challenged by the advent of hundreds of sequenced genomes. Inspection of these genomes indicates that PCD-like sequences (COG2154 in the Clusters of Orthologous Groups database; Tatusov et al., 2003) occur widely in plants, fungi, protists, archaea, and bacteria. However, such inspection also shows that COG2154 sequences in many plants and other organisms occur without an AAH (Wang et al., 2006) , and that in some of them the inferred catalytic motif is not conserved. These observations cast doubt on whether all COG2154 proteins have PCD activity, making their annotation as PCDs (as is common in current databases) unwarranted without further evidence. Another reason for caution in annotating COG2154 proteins is that known PCDs share as little as ~20-30% amino acid identity (Suck and Ficner, 1996; Seong et al., 1998) .
This situation led us to conduct a comprehensive comparative genomic (phylogenomic) analysis of the COG2154 proteins of plants and microorganisms to assess their diversity and possible function. This analysis guided experiments to test the PCD activity of representative COG2154 proteins and to localize them in plants. The results established that plants have functional PCDs, and strongly implied that PCDs have other metabolic roles besides supporting the function of AAHs. 7 these genes are often adjacent and sometimes clustered with homogentisate pathway genes. Fifth, certain COG2154 sequences lack one or more of the canonical His residues or other putatively crucial residues or show atypical spacing of the latter. These points are explored below in more detail. For simplicity and clarity, hereafter we designate test organisms by their genus name only.
Plant COG2154 Sequences
Both types of COG1254 sequences in plants have N-terminal extensions of ~60-100 amino acids compared to Pseudomonas PCD but are otherwise clearly distinct from each other (Fig. 3A) . The first type (type 1) has an almost canonical catalytic motif, departing only in having an extra residue between the H-H-P and [YW] (i.e., Y or W) elements. This type is typically predicted by three algorithms (TargetP, Predotar, PSORT) to be targeted to mitochondria. The second type of sequence (type 2) departs radically from the canon: most notably, the [YW] element is invariably absent and, in all cases except Pinus, one or more of the His residues are missing. Moreover, a key feature of type 2 sequences not shared with type 1 or with any other COG2154 sequences is a conserved ~45-residue domain just upstream of the core COG2154 domain (Fig. 3A) . Type 2 sequences are most often predicted to be plastidial.
Phylogenetic analysis of representative COG2154 sequences from plants and other organisms placed plant type 1 and type 2 proteins in two clades that branched together, with high bootstrap values, implying a shared evolutionary history (Fig. 3B ). An exception was the Chlamydomonas type 1 sequence, which did not cluster with the rest. Due to the diverged nature of COG2154 sequences, other branching patterns were poorly resolved, reflected by low bootstrap values. The close relationship between plant type 1 and 2 sequences was corroborated by a comparison of intron positions: type 1 and 2 genes were found to share two introns not found in other eukary-
Microorganism COG2154 Sequences
COG2154 sequences were found in all protists surveyed, in ascomycete fungi, and in diverse groups of bacteria and archaea ( Fig. 2A) , generally as a single copy. Of 467 complete bacterial and archaeal genomes analyzed, 211 genomes (45%) encoded COG2154 proteins and represented almost all the major taxa. Many of the bacteria lacking COG2154 proteins are obligate intracellular organisms, such as Rickettsia, Coxiella, and Chlamydia ( Fig. 2A) that have ceded various metabolic functions to the host. Of the 211 genomes with COG2154, fewer than half (90) have an AAH sequence, so that the 'partnerless COG2154' situation noted above for angiosperms is very common among prokaryotes.
The 90 COG2154 genes that co-occur with AAH can reasonably be presumed a priori to encode active PCDs. Moreover, as in Pseudomonas (Zhao et al., 1994) , these COG2154 genes are often adjacent to an AAH gene in an operonic structure, providing additional circumstantial evidence for their functionality (Fig. 2B ). Yet further support for this inference is the fairly frequent clustering of COG2154 and AAH genes with one or more genes of the homogentisate pathway ( Fig.   2B and Supplemental Table S1 ).
Given the strong probability of PCD activity that is implied by association evidence (i.e., cooccurrence and clustering), it is noteworthy that microbial COG2154 proteins that are associated in these ways with AAH quite often lack a canonical catalytic motif (Fig. 3C ). This implies that the current motif (based only on PCDs from animals and one bacterium) is too narrowly defined.
If so, it would follow that the various non-canonical microbial and plant COG2154 proteins that have no AAH partner could also be active PCD enzymes.
Tests of PCD Activity
The above issues led us to test a range of plant and prokaryote COG2154 proteins for PCD activity and, in the process, to re-examine the catalytic motif. We used a functional complementation assay in Escherichia coli (Song et al., 1999; Wang et al., 2006) rather than in-vitro assays since the latter involve artificial pterin-4a-carbinolamine substrates (which may not necessarily be attacked by all PCDs) or lack sensitivity due to a background rate of chemical dehydration (Citron et al., 1992; Rebrin et al., 1995) .
The complementation assay uses an E. coli Tyr auxotroph. Since E. coli lacks both Phe hydroxylase and PCD, but has q-dihydropterin reductase activity (Fig. 1A) , Tyr prototrophy can be restored by co-expression of foreign Phe hydroxylase and PCD genes; neither gene alone suffices (Zhao et al., 1994; Song et al., 1999) . The Pseudomonas Phe hydroxylase gene (phhA) and selected COG2154 sequences were accordingly cloned into compatible plasmids and introduced into the mutant. Transformants were then tested for growth in the presence or absence of Tyr (Fig. 4) . The COG2154 proteins chosen included plant types 1 and 2 from five major taxa (green algae, mosses, gymnosperms, monocots and eudicots; Fig. 3A ) and 10 microbial proteins that were either non-canonical or from genomes lacking AAH, or both (Fig. 3C ), these being potentially the most informative. The microbial proteins were also selected for taxonomic diversity; they represented fungi, protists, archaea, and five phyla of bacteria. The plant proteins were truncated at the positions shown in Figure 3A to remove their N-terminal extensions.
Among the plant proteins, all type 1 sequences (whose catalytic motif is close to canonical) had PCD activity whereas all the type 2 sequences lacked activity (Fig. 4 , top four rows). All the microbial proteins proved to be active (Fig. 4 , bottom four rows). While we cannot exclude the possibility that the truncation point used for the plant type 2 proteins caused loss of activity, we consider it unlikely because this point lay well upstream of the core COG2154 domain (Fig. 3A) .
Subcellular Localization of Plant Proteins
To test whether the predicted organellar targeting sequences of type 1 and 2 proteins are functional in planta, selected COG2154 coding sequences were fused to green fluorescent protein (GFP) and expressed in Arabidopsis. Subcellular localization in protoplasts was visualized by were found, involving four organisms, of which three lack an AAH (Table I ). In no case was the COG2154 gene classified as essential, although in the fission yeast Schizosaccharomyces, which has no AAH, deletants showed defective spore wall formation (Kakihara et al., 2003) . In Pseudomonas, which has AAH, inactivating PCD abolished the ability to grow on Phe, as would be expected (Song et al., 1999) . Relative to these findings of non-essentiality, it should be noted that PCD mutations in mammals give mild phenotypes. This may be partly due to non-enzymatic dehydration of the pterin 4a-carbinolamine (Thöny et al., 2000) . The non-essentiality of PCD clearly constrains our ability to hypothesize -or test -its functions in organisms that lack AAH.
However, given that a pterin 4a-carbinolamine can be formed by chemical oxidation of a tetrahydropterin (Moore et al., 2002) , one hypothesis is that PCD facilitates -but is not essential forregeneration of chemically oxidized pterins. Besides AAH cofactors, another common type of pterin is the molybdenum cofactor (Moco) and its precursors (e.g., molybdopterin). Moco occurs in all life's kingdoms, and is essential for about 40 enzymes of which four occur in plants (Schwarz and Mendel, 2006) . It is very sensitive to oxidation (Rajagopalan and Johnson, 1992) . Moco has a ring structure that is electronically equivalent to a tetrahydropterin ( Fig. 6A ) and has some chemical characteristics of tetrahydropterins as well as others due to the third ring (Enemark and Garner, 1997; Nieter Burgmayer et al., 2004) . Both substrate specificity studies (Rebrin et al., 1995) and the crystal structure of PCD complexed with a substrate analog (Cronk et al., 1996) indicate that PCD recognizes the pterin ring rather than its side chains. Thus, if Moco or its precursors form 4a-carbinolamines, they could be PCD substrates. Furthermore, some genomic evidence suggests a role for COG2154 proteins in Moco metabolism. Analysis of the genomic context of COG2154 genes in bacteria with no AAH reveals one embedded in molybdopterin synthesis gene clusters in Mycobacterium species, and translationally coupled to moaC (Fig. 6B) . A COG2154 gene is also next to moaC in some γ -proteobacteria (Fig. 6B) . Indeed, COG2154 sequences in GenBank are occasionally annotated as 'putative molybdopterin biosynthesis protein'.
A Link Between Arabidopsis PCD and Moco Metabolism
To explore a connection between PCD and Moco, two independent insertional mutants in the Arabidopsis gene (At1g29810) encoding the type 1 protein were isolated and authenticated; the mutants came from the Salk and GABI-Kat collections (Fig. 7, A and B) . Both mutations were knockouts, as judged by absence of detectable At1g29810 mRNA (Fig. 7B ). The expression of the At1g29810 gene in wild-type plants was examined and found to be constitutive, with levels (relative to actin) highest in seeds (Fig. 7C ). Mutant homozygotes grew normally compared to wild type in soil, or when cultured in vitro (not shown).
Plantlets grown in vitro were tested for the activities of the four molybdoenzymes, nitrate reductase, sulfite oxidase, xanthine dehydrogenase, and aldehyde oxidase. As these enzymes lose activity in plants with Moco synthesis defects (Schwarz and Mendel, 2006) , we reasoned that there should also be some activity loss if PCD facilitates salvage of 4a-carbinolamines formed by oxidation of Moco or its precursors. Given the normal phenotype of the mutant plants, the activity loss was predicted to be modest, mandating high precision (low variability) in measuring enzyme activities. Pilot experiments showed that nitrate reductase and sulfite oxidase activities were low and too variable (coefficient of variation among replicates up to ~40%) to allow detection of subtle differences. We accordingly focused on xanthine dehydrogenase and aldehyde oxidase, and developed sensitive fluorometric HPLC assays for both enzymes (see 'Materials and Methods' and Supplemental Figure S1 ). In two separate experiments, xanthine dehydrogenase activity was significantly (P < 0.05) lower in both knockout lines than in the corresponding wild-type controls, the activity loss being between 10 and 28% (Fig. 7D ). In the same experiments, aldehyde oxidase activity was also consistently lower in the knockout lines (by 17 to 36%), the differences being statistically significant (P < 0.05 or < 0.01) in all but one case (Fig. 7D ).
DISCUSSION
The results of in-vivo tests of COG2154 sequences from plants and diverse microorganisms (Fig. 4 and Wang et al., 2006 ) allow definition of a new catalytic motif that can be used as a signature for PCD activity in any organism:
This motif, which is far broader than the one based solely on mutational and structural studies of mammalian and Pseudomonas PCDs, can be used to more reliably annotate COG2154 genes from plants and other organisms. By assuming that all microbial COG2154 genes co-occurring with AAH genes (Supplemental Table S1 ) encode active PCDs, the motif can be broaden-
Our study demonstrates that COG2154 genes specifying active PCDs occur in the absence of AAH genes in many microorganisms and in angiosperms. While this surprising situation in ang- Lastly, it should be noted that, while reduced cofactor activity is the simplest explanation for the parallel activity reductions in two Moco enzymes in Arabidopsis PCD knockouts, our data do not exclude the possibility that this is due to correlated reductions in apoprotein levels. 4a-hydroxy derivative upon oxidation (Gregory, 2007) . However, this compound is not a likely substrate for PCD because this enzyme's action is considered to require a proton at the N5 position (Fig. 1A) (Rebrin et al., 1998 ) and a methyl group replaces this proton in 5-methyltetrahydrofolate. A closely related possibility -albeit only in some prokaryotes -is that PCD recycles oxidized tetrahydromethanopterin (a tetrahydrofolate analog confined to methanogens and methylotrophs). Favoring this, PCD genes in the genomes of aerobic methylotrophic bacteria cluster with genes of tetrahydromethanopterin synthesis and metabolism (Kalyuzhnaya et al., 2005) .
A third possibility is that genomes with a PCD but no AAH have other pterin-dependent enzymes that generate 4a-carbinolamines. We view this as probable, since mammals are known to have a pterin-dependent glyceryl ether monooxygenase (Taguchi and Armarego, 1998) that has not been cloned and therefore cannot be recognized in genomes. Moreover, other pterin-dependent monooxygenases have been reported from microorganisms, but again not cloned (Reddy and Vaidyanathan, 1975; Bhat and Vaidyanathan, 1976) . Another formal possibility is that PCD proteins participate in transcriptional regulation, as in mammals. However, there is experimental evidence against this in Pseudomonas (Song et al., 1999) and such a role is hard to reconcile with the distribution pattern of COG2154 genes in bacteria, where some species of a genus may have COG2154 and others not (e.g., Bacillus and Corynebacterium; Supplemental Table S1 ). Furthermore, a transcriptional role like that in mammals would not involve the PCD catalytic site (Rhee et al., 1997), and so is inconsistent with the conservation of catalytic residues and of enzyme activity in COG2154 proteins that have no AAH partner. Lastly, neither plant type 1 nor type 2 proteins were apparently targeted to the nucleus, which a transcriptional role would require.
Our results show that plants, unlike other organisms surveyed, have two distinct types of COG-2154 protein. Type 1 is canonical (according to the catalytic motif just defined), has PCD activity, and is located in mitochondria. Type 2 is unique to plants, lacks PCD activity, is localized in plastids, and apparently arose from type 1 early in plant evolution. Apart from lacking the catalytic motif, type 2 proteins have a characteristic subterminal domain that includes the motif [GE]- (Fig. 3A) , which can be used for positive identification. That the type 2 protein is not a functional PCD, yet apparently evolved from the type 1 enzyme, implies that it has taken on a different role. The presence in type 2 proteins of the subterminal domain fits with this idea. In an exploratory Arabidopsis study, overexpressing the type small (~10%) but significant reduction in leaf pigment content and a larger reduction (~30%) in chloroplast number per mesophyll cell (Plume, 2002) . The function of type 2 proteins is thus unclear. We propose that they be annotated as 'PCD-like protein' until more is known.
For the plant mitochondrial PCD to participate in pterin recycling would require the existence of a q-dihydropterin reductase (Fig. 1A) , which -given the lability of dihydropterins -seems likely also to be mitochondrial. q-Dihydropterin reductases in mammals, protists, and certain bacteria belong to the large and diverse short chain dehydrogenase-reductase (SDR) family (Lye et al., 2002; Wilquet et al., 2004) . Although Arabidopsis has some 86 SDR proteins, only eight have predicted mitochondrial targeting peptides, and none of the eight yet has a known function (Noiriel et al., 2007) . One or more of these could thus well have q-dihydropterin reductase activity.
MATERIALS AND METHODS

Bioinformatics
Microbial genomes were analyzed using the SEED database and its tools (Overbeek et al., 2005) at http://anno-3. Table S1 . Plant genomes and/or ESTs were sought using BLAST algorithms and the NCBI (http://www.ncbi.nlm.nih.gov/), DOE Joint Genome Institute (http://www.jgi.doe.gov/) and Chlamydomonas (http://www.chlamy.org/chlamydb.html) databases. PCD-like sequences were identified using the Conserved Domain (CD) database and search tool (http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml), which includes COG and pfam classifications as well as CD classifications. As all three classifications are equivalent in the case of PCD-like proteins, we used the COG identifier (COG2154) in preference to the CD (cd00488) or pfam (pfam01329) identifiers because the COG system is widely used in genome annotation.
Other resources were the integrated microbial genomes system (http://img.jgi.doe.gov/cgibin/pub/main.cgi) and the COG database (http://www.ncbi.nlm.nih.gov/COG/). Sequence alignments (Fig. 3 , A and C) were made using MultAlin (http://bioinfo.genopole-toulouse.prd.fr/multalin/multalin.html). Phylogenetic analyses were made with MEGA 4 (Tamura et al., 2007). Università di Milano), DNA was extracted from cells; a S. cerevisiae colony was suspended in 0.5 mL water and microwaved for 3 min, and lyophilized S. solfataricus cells were suspended in 0.5 mL of water and boiled for 10 min. Extracts then were centrifuged for 10 min at 10,000g.
Microbial COG2154 Genes
The COG2154 gene of Vibrio cholerae (GenBank NC_002506) was synthesized by GenScript (Piscataway, NJ, www.genscript.com), adding 5´ NdeI and 3´ KpnI sites. The COG2154 coding sequences of Synechocystis and S. cerevisiae were PCR-amplified using KOD HiFi polymerase (Novagen, http://www.emdbiosciences.com) and primers harboring 5´ BamHI and 3´ KpnI sites.
Primer sequences for COG2154 constructs are given in Supplemental Table S2 . The forward primers contained a BamHI site, a stop codon in frame with LacZ, a Shine-Dalgarno sequence, and an NdeI site that included the start codon. The amplicons were cloned between the BamHI and KpnI sites of pBluescript SK-, and introduced into E. coli strain DH5α. The sequenceverified construct containing the Synechocystis gene was the parent of all other COG2154 constructs except that from Leishmania major. COG2154 coding sequences were PCR-amplified from genomic DNA using Taq (Invitrogen, www.invitrogen.com) or KOD HiFi polymerase; DMSO 6% (v/v) was added to the reaction mixture in the case of C. glutamicum. The control PCD gene phhB from Pseudomonas aeruginosa was amplified from plasmid pJZ9-4 (Song et al., 1999) . Amplicons were digested with NdeI and KpnI and then ligated into the Synechocystis construct from which the COG2154 sequence had been excised with NdeI and KpnI. The L. major strain FV1 COG2154 gene was amplified from genomic DNA using Phusion DNA polymerase (New England BioLabs, www.neb.com), a forward primer containing an XbaI site, a stop codon in frame with LacZ, a Shine-Dalgarno sequence, and a reverse primer containing an EcoRI site.
The amplicon was cloned into pGEM-T Easy (Promega, www.promega.com). The insert was then excised with XbaI and EcoRI and cloned into the matching sites in pBluescript SK-. pBluescript SK-constructs were introduced into E. coli strain DH5α or DH10B and sequence-verified. For complementation tests, plant COG2154 type 1 and 2 cDNAs were truncated, using PCR to replace their N-terminal putative targeting sequences by a start codon. Primers (Supplemental 
Functional Complementation Tests
Plasmid pJS11, consisting of the P. aeruginosa phhA cloned into pACYC177 (Song et al., 1999) , or 1 mM), ampicillin (100 µg mL -1 ), streptomycin (100 µg mL -1 ), kanamycin (100 µg mL -1 ), Phe (50 µg mL -1 ), plus or minus tyrosine (54 µg mL -1 ). The agar concentration in plates was 15 g L -1 .
from plants at 42 days of age, inflorescences, and siliques in early development. Total RNA from siliques at mid or late (yellowing) stages of development, and from dry seeds was extracted using a LiCl precipitation method (Vicient and Delseny, 1999) . The samples were dissolved in ribonuclease-free water and DNase-treated. For real-time PCR, 1 µ g of RNA was reverse-transcribed using a RevertAid ™ first-strand cDNA synthesis kit (Fermentas, http://www.fermentas.com/) with random hexamers. The mixture was then diluted fivefold with water. PCR primers for
At1g29810 and for the reference gene Actin7 (At5g09810) are given in Supplemental Table S3; amplicon lengths were 69 and 71 bp, respectively. The At1g29810 amplicon spanned the third and fourth introns. PCR was performed using the MyiQ™ version 2.0 Real-Time PCR Detection System (Bio-Rad, www.bio-rad.com) using the SYBR ® Green PCR master mix (Applied Biosystems, www.appliedbiosystems.com) in 25-µL mixtures containing 5 µ L of the diluted cDNA solution and 300 nM of each primer. After 10 min at 95°C, the PCR reaction was carried out with 40 cycles of 95°C for 15 sec and 60°C for 60 sec. Data were analyzed using MyiQ™ software.
Expression values were normalized to that of Actin7, calculating the difference between the crossing threshold (C T ) of At1g29810 and that of Actin7 for each sample (Livak and Schmittgen, 2001 ). The results presented are for cDNA pools from three independent RNA extractions, each analyzed in triplicate. The identity of the PCR products was confirmed by sequencing.
Culture of Arabidopsis Plantlets for Molybdoenzyme Assays
Arabidopsis seeds were surface sterilized and germinated on plates containing agar and 0.33×
Murashige and Skoog (MS) medium. At 12 days, seedlings were transferred aseptically to 250-mL flasks (seven per flask) containing 100 mL of 0.33× MS medium containing 10 g L -1 of Suc and cultured for 17 days. Flasks were shaken at 80 rpm. Temperature was 23-28°C. Daylength was 12 h; photosynthetic photon flux density was 80 µE m -2 s -1 . Harvested plantlets from each flask (constituting one replicate sample) were frozen in liquid N 2 and stored at -80°C.
Extraction and Assay of Molybdoenzymes
Protein extracts for assay of xanthine dehydrogenase, aldehyde oxidase, and sulfite oxidase were prepared as follows. Samples were ground in liquid N 2 and the resulting powder was extracted in ice-cold buffer (1:3, w/v) containing 100 mM K-phosphate, pH 7.5, 0.1 mM Na 2 MoO 4 , 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM DTT, and 10% (w/v) polyvinylpolypyrrolidone. Extracts were centrifuged (30,000g, 20 min, 4°C), and supernatants were fractionated with ammonium sulfate (0-60% saturation), stirring for 30 min at 4°C. After centrifuging (40,000g, 25 min, 4°C), pellets were resuspended in 1-2 mL of 100 mM K-phosphate, pH 7.5, and 0.2-mL aliquots were desalted on 1-mL Sephadex G25 spin columns equilibrated with 100 mM K-phosphate, pH 7.5 or, for sulfite oxidase assays, 20 mM Tris-acetate, pH 8.0, 0.1 mM EDTA.
Xanthine dehydrogenase was assayed with pterin as substrate (Mest et al., 1992; Montalbini, 1998) . Pterin (Sigma, www.sigmaaldrich.com) and isoxanthopterin (Schircks, Jona, Switzerland, www.schircks.com) were dissolved in 0.1 M NaOH and the solutions were titered spectrophotometrically using extinction coefficients of 21,380 M -1 cm -1 at 251 nm and 13,800 M -1 cm -1 at 339 nm, respectively (Pfleiderer, 1985) . Assays (50 µL) contained 20 µL of protein extract, 0.1 mM pterin, and 1 mM 2,6-dichlorophenolindophenol in 100 mM K-phosphate, pH 7.5. Triplicate assays were run at 30°C for 0, 30, and 60 min and stopped by adding 5 µL of 1 N HCl. After centrifuging, a portion of the supernatant was injected onto a 4 µm, 250 × 4.6 mm Synergi Fusion RP 80 column (Phenomenex, http://www.phenomenex.com), which was eluted isocratically (1.5 mL min -1 ) for 20 min using 20 mM glycine, pH 2.5, or 10 mM Na-phosphate, pH 6.0. The column was washed for 5 min with a 0 to 50% acetonitrile gradient, then re-equilibrated in separation buffer for 5 min. Peaks were quantified by fluorescence (350 nm excitation, 450 nm emission).
Aldehyde oxidase was assayed with indole-3-carboxaldehyde as substrate (Seo et al., 1998) . Indole-3-carboxaldehyde and indole-3-carboxylic acid (Aldrich, www.sigmaaldrich.com) were dissolved in water. Assays (50 µL) contained 20 µL of protein extract and 0.17 mM indole-3-carboxaldehyde in 100 mM K-phosphate, pH 7.5. Triplicate assays were run at 30°C for 0, 30 and 60 min and stopped, processed and analyzed by HPLC as above, using 10 mM Na-phosphate, pH 6.0, as eluant. The indole-3-carboxylic acid product was quantified by fluorescence (280 nm excitation, 360 nm emission). Xanthine dehydrogenase and aldehyde oxidase activities were measured in two separate experiments. Experiment 1 had three independent knockout and wild type replicates. Experiment 2 had four to five such replicates, and knockout and wild type samp- by Phe hydroxylase, a representative tetrahydropterin-dependent AAH. In AAH reactions, the tetrahydropterin cofactor is oxidized to a 4a-carbinolamine. The carbinolamine is dehydrated via the action of PCD to give a quinonoid (q) dihydropterin, which is then reduced to the tetrahydro level by an NAD(P)H-linked q-dihydropterin reductase (qDHPR). The natural cofactor for
AAHs is tetrahydrobiopterin in mammals (Thony et al., 2000) and may be tetrahydromonapterin in bacteria (Guroff and Rhoads, 1969) . of GFP fused to the transit peptide of the Rubisco small subunit (second row), and mitochondrial expression of GFP fused to hydroxymethyldihydropterin pyrophosphokinase-dihydropteroate synthase (third row). Fluorescence was observed with an epifluorescence microscope. B, Confocal laser scanning micrographs of mesophyll protoplasts isolated from leaves of transgenic Arabidopsis plants expressing GFP fused to the type 2 protein of Arabidopsis (At5g51110, At2). 
